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Abstract
Increased macrophage infiltration in tissues including white adipose tissue and skeletal muscle has been recognized as a
pro-inflammatory factor that impairs insulin sensitivity in obesity. However, the relationship between tissue macrophages
and energy metabolism under non-obese physiological conditions is not clear. To study a homeostatic role of macrophages
in energy homeostasis, we depleted tissue macrophages in adult mice through conditional expression of diphtheria toxin
(DT) receptor and DT-induced apoptosis. Macrophage depletion robustly reduced body fat mass due to reduced energy
intake. These phenotypes were reversed after macrophage recovery. As a potential mechanism, severe hypothalamic and
systemic inflammation was induced by neutrophil (NE) infiltration in the absence of macrophages. In addition, macrophage
depletion dramatically increased circulating granulocyte colony-stimulating factor (G-CSF) which is indispensable for NE
production and tissue infiltration. Our in vitro study further revealed that macrophages directly suppress G-CSF gene
expression. Therefore, our study indicates that macrophages may play a critical role in integrating immune balance and
energy homeostasis under physiological conditions.
Citation: Lee B, Qiao L, Kinney B, Feng G-S, Shao J (2014) Macrophage Depletion Disrupts Immune Balance and Energy Homeostasis. PLoS ONE 9(6): e99575.
doi:10.1371/journal.pone.0099575
Editor: Marc Claret, Institut d’Investigacions Biome`diques August Pi i Sunyer, Spain
Received December 18, 2013; Accepted May 16, 2014; Published June 9, 2014
Copyright:  2014 Lee et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.
Funding: This work is supported by grants DK080418 (J.S.), HD069634 (J.S.), DK095132 (J.S.) and R01DK075916 (G.F.) from the NIH, as well as 1-13-BS-048 (G.F.)
from the American Diabetes Association. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* E-mail: jishao@ucsd.edu
Introduction
Macrophages are resident immune cells found in most of tissues
[1]. Recently, their relevance with obesity-induced metabolic
syndrome has been highlighted [2]. Increased macrophage
infiltration was initially observed in white adipose tissue (WAT)
and has been considered a hallmark of obesity-induced tissue
inflammation, which deteriorates insulin sensitivity and glucose
metabolism [3,4,5]. Later studies demonstrated that macrophages
infiltrate into other tissues including liver and skeletal muscle in
obesity [4,6,7,8]. Therefore, macrophage infiltration has been
proposed as a main mechanism of obesity-induced tissue
inflammation and insulin resistance.
On the other hand, tissue macrophages are also important in
maintaining metabolic homeostasis and tissue structure under
non-obese physiological conditions [9]. Macrophages stimulate
angiogenesis preceding adipose tissue expansion [10]. Interesting-
ly, weight loss also induces macrophage infiltration into white
adipose tissue (WAT), in which the macrophages regulate lipolysis
without inducing inflammation [11]. Therefore, macrophages may
exhibit different or distinct functions in response to their
environmental factors, either maintaining or impairing metabo-
lism. For example, macrophages recruited under conditions of
obesity appear to be more inflammatory, which impair insulin
signaling in tissues through inducing inflammation [3,4]. Macro-
phages present in non-obese conditions appear to be anti-
inflammatory, which play a role in maintaining tissue functions
[9]. However, recent studies suggest that heterogeneity in the
origins of tissue macrophages as well as their polarization makes
tissue macrophage population more diverse [12]. Although a
certain population of macrophages has been shown to be induced
and associated with tissue metabolism under certain pathological
circumstances, it is largely unknown whether macrophages
modulate systemic energy homeostasis at physiological conditions.
In this regard, we depleted tissue macrophages in adult mice and
found that macrophages play a role in controlling NE tissue
infiltration at least partially by regulating G-CSF production,
which was closely associated with alterations in food intake and
body composition. Our study suggests homeostatic functions of
macrophage to integrate immunity with energy metabolism.
Materials and Methods
Mouse Models and Macrophage Depletion
Macrophage-specific diphtheria toxin receptor-expressed mice
were used to deplete macrophage. By crossing inducible diphtheria
toxin receptor mice (iDTR, C57BL/6 background, Jackson
Laboratory) with lysozyme M promoter-directed CRE mice
(LysMCre, C57BL/6 background, Jackson Laboratory),
LysMCre/iDTR mice were generated to express Cre recombinase
in macrophages where Cre excised the STOP cassette and led to
DTR expression [13,14,15]. Male mice (2–3 months old) were
used for this study and fed either a standard chow (Harlan
Laboratories) or 60% HF diet for 6 wks (Research Diet).
Diphtheria toxin (DT) was injected intraperitoneally every other
day (10 ng/g body weight). If it is not mentioned in the figure
PLOS ONE | www.plosone.org 1 June 2014 | Volume 9 | Issue 6 | e99575
legends, tissue samples were collected at day 6 of DT treatment.
All mice were maintained under standardized conditions with
12 h/12 h light/dark cycles. Mice were sacrificed by CO2
inhalation. The experiments using mouse models were carried
out under the Association for Assessment and Accreditation of
Laboratory Animal Care guidelines with approval of the
University of California San Diego Animal Care and Use
Committee (Animal protocol number S09123).
Body Weight, Composition and Indirect Calorimetry
Assay
Body weight and composition were measured using a mouse
MRI scanning device (EchoMRI system) when mice were at fed
state and these masses were calculated as a percent change
compared to day 0 of saline or DT injection. Oxygen consumption
is assessed by an indirect calorimetric system (Oxymax, Columbus
Instruments). Mice were acclimated to the system for 12 hrs and
data were collected every 8 minutes for 24 hrs under light/dark
cycles with free access to water and food.
Serum Cytokine Assay and Blood Cells Count
Serum concentrations of cytokines were measured using mouse
cytokine array/chemokine array 32-plex panel (Bio-Rad) through
a service by the Eve Technologies (Calgary, Alberta). For
measuring NE concentration in blood, a hematology test was
performed by University of California San Diego Murine
Hematology and Coagulation Core Laboratory.
Microglia and Peritoneal Macrophage Culture
The method for microglia isolation was modified from a
previous study [16]. Brains isolated from newborn mice were
dissociated by nylon mesh (75 micron mesh) in chilled Hanks’
balanced salt solution (HBSS) and washed 2 times with HBSS.
The cell suspension was triturated with a glass pipette and plated
in a F75 flask in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS. Medium was changed every 3 days.
On the 14th day, microglia were isolated by mechanical agitation
(150 rpm for 2 hrs) in an orbital shaker at 37uC. The isolated cells
were plated again in a non-coated plastic dish for 30 mins. Non-
attached cells were removed by washing with DMEM. Attached
microglia were used for further experiments.
Peritoneal macrophages were induced by thioglycollate broth.
Briefly, peritoneal fluid was collected 3 days after thioglycollate
broth injection (3 ml per mouse) and macrophages were cultured
in 10 cm tissue culture plates using DMEM supplemented with
10% FBS [17]. Cultured macrophages were treated with saline or
DT (0.25 ng/ml) for further experiments.
Immunoblots and Immunohistochemistry
For immunoblotting, mechanically homogenized tissue samples
were separated using NuPAGE gels (Invitrogen). Protein was
blotted with indicated antibodies. Protein levels were semiquanti-
fied by image density scanning using Quantity One software (Bio-
Rad) with an internal reference.
Immunohistochemistry analysis was carried out by the Histol-
ogy Core at UCSD. Mice were perfused using 4% paraformal-
dehyde and then each tissue was removed, fixed in 10%
formaldehyde, embedded in paraffin and then sectioned. Tissue
layers were labeled with NE marker (NIMP-R14, LY-6G) or
microglia marker (Iba1), or used for H&E staining.
The antibody labeled tissue layers were visualized by 3-amino-
9-ethylcarbazole (AEC) substrate kit (Cat # SK4200, Vector
laboratories).
Quantitative PCR Analysis
Total RNA was prepared from homogenized epididymal fat,
liver, skeletal muscle (quadriceps), and hypothalamus with Trizol
(Invitrogen). cDNA was synthesized using SuperScript III Reverse
Transcriptase and oligo(dT)12–18 primer (Invitrogen). Real-time
PCR was performed using an mx3000p Real-Time PCR system
(Stratagene) and SYBR Green dye (Molecular Probes).
OP9 Bone-marrow Stromal Cell Culture
OP9 cells were grown to 100% confluence in minimum
essential media (MEM) supplemented with 10% FBS in 6 well
plates. OP9 cells were cultured with either MEM or MEM
including peritoneal or bone-marrow macrophage conditioned
medium (10%) with lipopolysaccharide stimulation to induce G-
CSF expression. After overnight incubation, the cells were treated
with Trizol for RNA extraction.
Statistical Analysis
Data are expressed as mean 6 standard error of the mean
(SEM). The Prism software (GraphPad Software, Inc.) was used
for statistical analysis. The Student’s t-tests (two-tailed) were used
for pairwise comparisons. Differences were considered significant
when p,0.05.
Results
Macrophage Depletion Decreases Body Weight Including
Fat and Lean Mass
To investigate the physiological function of macrophages in
systemic energy metabolism, we depleted macrophages in adult
mice using Lysozyme M-directed myeloid-specific diphtheria toxin
receptor transgenic mice (LysMCre/iDTR) [13]. Following DT
administration, ectopically expressed DT receptors promptly
induced macrophage apoptosis [14,15] (Figure 1A–C). In addi-
tion, general macrophage markers such as F4/80 and CD68 were
markedly reduced in skeletal muscle, WAT, and liver of DT-
treated mice (Figure 1D–F). M2 macrophage marker ARG1 was
also robustly reduced in WAT of DT-treated mice (Figure 1G).
These results indicate that DT injection induced macrophage
depletion regardless of its activation state in LysMCre/iDTR mice.
DT injection did not induce fever, which is a sign of bacterial
infection in LysMCre/iDTR mice (data not shown).
DT treatment induced a robust reduction in body weight with a
significant decrease in fat mass and lean tissue mass in chow-fed
and HF-fed LysMCre/iDTR mice (Figure 2A–F). The reduction of
fat tissue mass reached its maximal point (,60%) 9 days after DT
treatment (Figure 2C). Conversely, approximately 7 days after
stopping DT treatment, mice started to recover fat mass and lean
body mass (Figure 2C and E). During the same time, tissue
macrophage marker expression (data not shown) and the yield of
thioglycollate broth-induced peritoneal macrophages were recov-
ered (Figure 1H). However, DT injection showed no effect on
body weight or food intake in C57BL/6 mice and mice without
Cre recombinase insertion (LysMCre2/2/iDTR) (data not shown),
suggesting that DT does not have any effects on energy
metabolism in mice without DT receptors. These results suggest
that DT-induced reduction in body weight and fat tissue mass is
closely associated with macrophage ablation.
Macrophage Depletion Reduces Food Intake and STAT3
Signaling in the Hypothalamus
Under physiological conditions, energy balance determines fat
tissue mass. We measured food intake and energy expenditure to
Macrophages Regulate Food Intake by Controlling Immune Balance
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verify which of these factors contributes to body fat decrease in
macrophage-depleted mice. Although there were no significant
differences in energy expenditure between groups during the light
cycle (Figure 3A–B), reduced energy expenditure was observed in
DT-treated mice during the dark cycle (Figure 3A–B). Impres-
sively, just after a single DT injection, a remarkable decrease in
food intake was observed in DT-treated mice (Figure 3C).
Although there was a partial recovery of food intake after
prolonged DT treatment (Figure 3C), food intake was significantly
lower during the DT injection period (Figure 3C). The cumulative
food intake of DT-injected mice was markedly reduced in both
chow and HF-fed conditions (Figure 3D–E). After stopping DT
treatment, food intake was recovered (Figure 3C), which paralleled
the body weight recovery (Figure 2A). Together, these data
strongly indicate that reduced food intake is the main cause of the
decrease in body weight in macrophage-depleted mice.
Leptin is an adipocyte-derived satiety hormone that inhibits
food intake through neurons in the hypothalamus [18]. Our results
showed that there was a significant decrease in serum leptin levels
in DT-treated LysMCre/iDTR mice (Figure 3F). Because DT-
treated LysMCre/iDTR mice ate less than control mice, reduction
in circulating leptin should not be responsible for macrophage
depletion-induced reduction in food intake and fat tissue mass. We
studied a signaling pathway in the hypothalamus that controls
food intake. STAT3 is a transcription factor which is known for
mediating the regulatory effects of hormones including leptin and
inflammatory cytokines on food intake. Phosphorylation of
STAT3 in the hypothalamus leads to reduction in food intake
[18,19]. Our results showed that the STAT3 phosphorylation
levels were robustly elevated in the hypothalamus of DT-treated
LysMCre/iDTR mice (Figure 3G–H). Therefore, the increased
STAT3 phosphorylation in the hypothalamus and the decreased
food intake suggest that macrophage ablation suppresses food
intake through a mechanism(s) that increases STAT3 phosphor-
ylation in the hypothalamus.
DT Treatment Ablates Microglia in Culture but not in
LysMCre/iDTR Mice
Microglia are macrophages in the CNS, which raises a question
of whether DT treatment induces microglia apoptosis. Using
cultured primary microglia from LysMCre/iDTR mice, our study
showed that DT treatment killed all the cells (Figure 4A),
suggesting that Lysozyme M promoter-derived DT receptor was
expressed in microglia. However, intraperitoneal injection of DT
into mice did not alter microglia population in the brain,
evidenced by similar levels of microglia-specific marker Iba1 in
Figure 1. DT treatment efficiently depletes macrophages. For microscopic images of macrophages, macrophages were collected from
peritoneal lavage of LysMCre/iDTR mice (A) 2 days after DT treatment (10 ng/g body weight) and (H) 7 days after stopping DT injection. Macrophages
were collected from (B) peritoneal lavage or (C) bone-marrow of LysMCre/iDTR mice, then treated with saline or DT (0.25 ng/ml) for 8 hours. mRNA
levels of macrophage marker F4/80 and CD68 were measured in (D) WAT, (E) liver, and (F) skeletal muscle of mice treated with saline or DT for 2 days.
mRNA levels of M2 macrophage marker ARG1 were measured in (G) WAT of mice treated with saline or DT for 2 days and 7 days after stopping DT
injection. Data are represented as mean 6 SEM. Asterisks denote significant differences *P,0.05, **P,0.01 vs. saline-treated mice.
doi:10.1371/journal.pone.0099575.g001
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the hypothalamus (Figure 4B). Immunohistochemisty staining
further confirmed the similar distribution of Iba1 in the
hypothalamus of DT-treated LysMCre/iDTR and control mice
(Figure 4C), indicating that in vivo microglia evaded DT-induced
apoptosis. However, by using the similar system, a study has
reported that DT injection depleted oligodendrocytes in the brain
[13], suggesting that DT is able to go through the blood-brain
barrier. The DT dosage used in this study is approximately 2–3
times higher than our study. Therefore, we postulate that the low
dosage of DT used in our study may elude microglia from DT
induced apoptosis in LysMCre/iDTR mice.
Macrophage Depletion Induces Hypothalamic ER Stress
and Inflammation
Food intake can be inhibited by hypothalamic inflammation
which is usually induced by local or systemic factors such as
circulating inflammatory cytokines [20,21]. Peripheral inflamma-
tory conditions have been found to elevate expression and release
of inflammatory cytokines within the CNS [21]. Elevated CNS
inflammatory cytokines have been known to decrease food intake
by stimulating STAT3 and its downstream signals
[19,21,22,23,24]. To examine a potential factor that contributes
to the reduced food intake after macrophage depletion, we
measured circulating pro-inflammatory cytokines as well as the
extent of inflammation in the hypothalamus. The levels of
circulating pro-inflammatory cytokines, such as TNFa (,7 fold),
IL-6 (,13 fold), IL-7 (,4 fold), IL-9 (,3 fold), CXCL1 (,17 fold)
and MCP1 (,15 fold), were dramatically increased in DT-treated
mice (Figure 5A–B) and reversed after macrophage recovery by
stopping DT treatment (data not shown). Furthermore, the
expression levels of pro-inflammatory cytokines, such as TNFa,
IL-6, IL-1b, and MCP1, were markedly increased in the
hypothalamus of DT-treated mice (Figure 5C). When the increase
in the inflammatory gene expression was reversed in the
Figure 2. Macrophage depletion reduces body weight and fat mass. Male LysMCre/iDTR mice were fed (A, C, and E) a chow diet (n = 7) or (B,
D, and F) a HF diet (n = 5) for 6 wks and i.p. injected with DT (10 ng/g) or saline every other day. For chow-fed mice, DT injection was stopped at day
25 which is indicated by arrows. (A and B) Body weight was measured every other day and calculated as a percent change compared to day 0 of
saline or DT injection (C and D) Fat mass and (E and F) lean body mass were measured using an EchoMRI scanning device when mice were at fed
state and these masses were calculated as a percent change compared to day 0 of saline or DT injection. Data are presented as mean6 SEM. *P,0.05
vs. saline-treated mice.
doi:10.1371/journal.pone.0099575.g002
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hypothalamus after stopping DT injection (data not shown), food
intake was also recovered (Figure 3C), indicating close association
between the hypothalamic inflammation and decreased food
intake.
JNK signaling and ER stress are known as key factors related to
hypothalamic inflammatory and stress responses [21,25]. To
examine whether local inflammatory pathways are also involved in
the increased hypothalamic inflammation, we measured JNK and
ER stress signaling. Immunoblotting data shows that the levels of
ER stress-related proteins including phosphorylated eIF2a,
CHOP, IRE1a, BIP, and Ero1-La as well as phosphorylated
JNK, were markedly increased in the hypothalamus of DT-treated
mice (Figure 5G–H). These results suggest that local inflammatory
pathways are also involved in the increased hypothalamic
inflammation. Therefore, both systemic and local factors are
associated with increased hypothalamic inflammation after mac-
rophage depletion.
Macrophage Depletion Induces Inflammation in
Peripheral Tissues
Macrophages are known for secreting pro-inflammatory cyto-
kines and inducing tissue inflammatory reactions [4]. The
dramatically increased blood inflammatory cytokines in DT-
treated LysMCre/iDTR mice led us to explore the origin of the
cytokines in the absence of macrophage. We compared gene
expression levels of pro-inflammatory cytokines in peripheral
tissues between DT- and saline-treated LysMCre/iDTR mice.
Significantly increased mRNA levels of TNFa, IL-6, IL-1b and
MCP1 were observed in the liver, skeletal muscle, and more
markedly in WAT of DT-treated LysMCre/iDTR mice
(Figure 5D–F), suggesting that macrophage depletion elevates
pro-inflammatory cytokine expression in peripheral tissues, which
may contribute to the increase in blood pro-inflammatory cytokine
levels.
Figure 3. Macrophage depletion suppresses energy expenditure and food intake. The energy expenditure of male LysMCre/iDTR mice was
assessed using metabolic cages 6 days after saline or DT injection. (A) O2 consumption during the light and dark cycle (n = 4/each group) (B) Area
under the curve of O2 consumption during the light and dark cycle (C) Food intake was measured every other day at 10 am during saline or DT
injection. Injection was stopped at day 25, which is indicated by arrows. Cumulative food intake of (D) chow-fed (n = 5/group) or (E) HF-fed mice
(n = 3/group) treated with saline or DT (F) Serum concentration of leptin (n = 5/group) was measured using ELISA kit after overnight fasting. (G)
Phosphorylation of STAT3 protein was measured by Western blotting. (H) Quantified values of p-STAT3/STAT3. Data are represented as mean6 SEM.
Asterisks denote significant differences *P,0.05 vs. saline-treated mice.
doi:10.1371/journal.pone.0099575.g003
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Neutrophils Infiltration Occurs in Tissues in the Absence
of Macrophages
Neutrophils (NEs) are the most abundant immune cells in the
blood that produce a wide range of pro-inflammatory cytokines
and chemokines [26,27]. NEs are also known for acting together
with macrophages in the process of immune response and wound
healing [14,15,28]. There was an increase in NE infiltration in
wound tissues after macrophage depletion [14,15,28]. In addition,
macrophage depletion increases NE in circulation in physiological
conditions [29]. Therefore, we investigated whether macrophage
depletion increases NE in circulation and tissues and whether NEs
are involved in macrophage depletion-induced increases in pro-
inflammatory cytokines in circulation and in tissues. Hematology
test showed that blood NE counts were significantly increased 1
day after DT injection but recovered to the level comparable to
the control group 6 days after DT injection (Figure 6A).
Furthermore, mRNA expression levels of NE-specific markers
(LY-6G and LCN2) were dramatically increased in WAT, skeletal
muscle, and liver of DT-treated LysMCre/iDTR mice (Figure 6B–
D). Similarly, immunoblotting showed an increase in LY-6G
protein levels in these tissues (Figure 6F–I). Histology staining
further confirmed the infiltration of NEs into WAT (Figure 6E).
On the other hand, immunohistochemisty using NE marker (LY-
6G) showed that NEs were not infiltrated in the hypothalamus of
both groups (data not shown).
MIP2 (also known as CXCL2) is a prototypical NE attracting
chemokine [14]. It has been shown that macrophage depletion
highly increased the mRNA expression of MIP2 in a wound tissue
[14]. We examined whether macrophage depletion alters MIP2
expression in tissues and found the mRNA expression of MIP2 was
notably increased in WAT, skeletal muscle, and liver of DT-
treated LysMCre/iDTR mice (Figure 6B–D), indicating that the
increased MIP2 expression likely contributes to NE infiltration
into these tissues.
NEs are considered a hallmark of inflammation [26,27]. We
compared the expression levels of pro-inflammatory cytokine with
NE marker in WAT at 0, 3, and 6 days of DT injection. The
pattern of pro-inflammatory cytokine expression was similar to the
pattern of NE marker expression (Figure 6J), suggesting that NE
infiltration is closely associated with the development of tissue
inflammation.
Macrophage-secreted Factors Directly Inhibit G-CSF
Expression
To examine why macrophage depletion leads to dramatic NE
infiltration into tissues, we measured serum concentration of
granulocyte colony-stimulating factor (G-CSF) which is essential
Figure 4. DT depletes microglia in vitro, but not in vivo. Microglia were isolated from day 1 newborn LysMCre/iDTR mice (n = 3). Isolated
microglia were cultured in cell-culture plates. Saline or DT (0.25 ng/ml) was treated for 8 hrs. (A) Representative macroscopic images of isolated
microglia treated with saline or DT for 8 hrs. (B) Total protein levels of microglia marker Iba1 in the hypothalamus of mice treated with saline or DT for
6 days. (C) Microglia in the brain were identified by immunohistochemisty using microglia marker Iba1 antibody. Arrows indicate positive cells (n = 3).
3 V represents the direction of third ventricle.
doi:10.1371/journal.pone.0099575.g004
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for NE production and tissue infiltration [29,30,31,32]. Our results
showed that there was a 110-fold increase in serum G-CSF levels
of DT-treated mice (Figure 5A) and the increased G-CSF levels
were reversed after macrophage recovery (data not shown). These
results suggest that increased G-CSF is closely related to
macrophage depletion-induced NE infiltration. Similarly, a recent
mouse study reported a marked increase in circulating G-CSF
after macrophage depletion in bone-marrow and spleen, which
Figure 5. Macrophage depletion increases hypothalamic and systemic inflammation. Male LysMCre/iDTR mice were i.p. injected with DT
(10 ng/g) or saline for 6 days. Blood and tissue samples were collected after overnight fasting. (A and B) Serum concentrations of cytokines were
measured using a mouse cytokine/chemokine array service by a commercial company (n = 8–10/group). (C–F) mRNA levels of pro-inflammatory
cytokine expression in the hypothalamus, liver, WAT, and skeletal muscle of saline or DT treated mice (n = 5 each group). (G) Protein levels related to
ER-stress signaling and (H) phosphorylation of JNK were measured by Western blotting. G-CSF, granulocyte colony-stimulating factor; GM-CSF,
granulocyte macrophage colony-stimulating factor; CXCL, C-X-C motif chemokine; IL-6, interleukin-6; TNFa, tumor necrosis factor a; MCP1, monocyte
chemotactic protein-1; MIG, monokine-induced by Interferon-gamma; RANTES, Chemokine (C-C motif) ligand 5. Data are represented as mean 6
SEM. Asterisks denote significant differences *P,0.05, **P,0.01 vs. saline-treated mice.
doi:10.1371/journal.pone.0099575.g005
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was associated with NE infiltration into macrophage-depleted
tissues [29]. Therefore, we hypothesized that macrophages directly
regulate G-CSF expression. We used OP9 bone-marrow stromal
cells, which have been known to secrete G-CSF especially after
stimulation by either lipopolysaccharide or IL-1 [33,34,35]. To
study whether macrophages regulate G-CSF expression through
secreted cytokines, we treated OP9 cells with conditioned media
from either bone-marrow or peritoneal derived macrophages of
wild type mice. The results showed that G-CSF mRNA levels were
significantly reduced (.50%) in macrophage conditioned media-
treated OP9 cells (Figure 6K–L), suggesting that macrophages
directly suppress G-CSF gene expression.
Discussion
The studies related to obesity-induced tissue macrophage
infiltration have demonstrated a close association of energy
metabolism with immunity [3,4]. Although these studies indicate
that prolonged positive energy imbalance induces pro-inflamma-
tory macrophages infiltration, it is largely unknown whether
immune balance actively contributes to energy homeostasis. With
Figure 6. Macrophage depletion increases tissue NE infiltration. Male LysMCre/iDTR mice were fed a chow diet and were i.p. injected with DT
(10 ng/g) or saline. (A) Blood NE concentration was assessed after 1 and 6 days of DT injection by a hematology test. (B–D) mRNA levels of NE markers
LY-6G, LCN, and NE-chemoattractant chemokine MIP2 in WAT, liver, and skeletal muscle were measured by Q-PCR (n = 5). LY-6G, lymphocyte antigen
6 complex, locus G; MIP2, macrophage inflammatory protein 2; LCN2, lipocalin 2 (E) Infiltrated NEs in WAT were identified by immunohistochemisty
using NE marker LY-6G antibody. Arrows indicate positive cells. (F) Protein levels of NE marker LY-6G in WAT, liver, and skeletal muscle were measured
by Western blotting (n = 4 each). Representative images were shown in the figure. (G–I) Quantification of LY-6G/GAPDH protein levels in tissues. (J)
The comparison of inflammatory cytokine expression with NE marker expression in WAT by Q-PCR during the different time points of DT treatment.
(K and L) G-CSF mRNA levels were measured by Q-PCR using RNA samples from OP9 cells treated with 10% peritoneal (K) or bone-marrow derived
macrophage (L) conditioned media (n = 4 each). Data are represented as mean 6 SEM. Asterisks denote significant differences *P,0.05, **P,0.01 vs.
saline-treated mice.
doi:10.1371/journal.pone.0099575.g006
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development of conditional gene knockout mouse models, recent
studies have provided evidence suggesting that immunity plays an
active role in energy metabolism. For example, macrophage-
specific PPARc deficiency impaired M2 macrophage polarization
and predisposed the mice to HF diet-induced obesity [36]. PPARd
deficiency impaired M2 activation of kupffer cells, which was
related to increased fat mass in HF-fed mice [37]. However, a
heterogeneous population of macrophages exists under non-obese
conditions and their role in regulating energy metabolism has not
been studied [9]. By depleting tissue macrophages, our study
revealed that macrophage depletion notably reduced body weight
including fat and lean mass by inhibiting food intake. This study
demonstrates that macrophages are involved in maintaining
energy homeostasis in physiological conditions. In addition, our
study showed that macrophage depletion robustly increased pro-
inflammatory cytokines expression and their levels in circulation,
suggesting that macrophage depletion disturbs immune balance.
Therefore, we propose that there may be reciprocal regulation
between immune balance and energy metabolism.
Hypothalamic inflammation can either increase or decrease
food intake probably depending on the state of inflammation
[21,25]. Relatively mild and chronic inflammation related to diet-
induced obesity has been shown to inhibit leptin signaling and
thereby increasing food intake [25]. On the other hand, relatively
acute and robust hypothalamic inflammation achieved by
inflammatory cytokine injection decrease food intake by stimulat-
ing STAT3 signaling pathway [19,21,22,23,24]. Our results
showed that macrophage depletion notably increased inflamma-
tory cytokine expression (Figure 5C), JNK and ER stress signaling
(Figure 5G–H), and STAT3 phosphorylation in the hypothalamus
(Figure 3G–H). Considering notable reduction in circulating leptin
levels and food intake in chow-fed lean mice after DT injection
(Figure 3F), we speculate that markedly increased inflammatory
cytokine in circulation (Figure 5A–B) may cause robust hypotha-
lamic inflammation independent of obesity-related leptin resis-
tance. This may contribute to reduced food intake in the absence
of macrophages. These results indicate that macrophages are
involved in controlling food intake at least partially by maintaining
hypothalamic immune balance. Since microglia, macrophages in
CNS, were evaded from DT-induced apoptosis, it is likely that
hypothalamic immune balance was impaired by circulating factors
in the absence of macrophages. In support of this, it has been
reported that the circulating inflammatory cytokines can induce
hypothalamic inflammation and reduction in food intake [21,22].
We also found that there were dramatic increases in pro-
inflammatory cytokines in blood (Figure 5A–B), which has been
known to induce CNS inflammation and reduce food intake.
Short-lived NEs are generally considered the first immune cell
to respond to inflammation [38]. The timely clearance of
apoptotic NEs from inflammation sites is an important function
of macrophages [27,29]. Therefore, ablation of wound macro-
phages increased NE recruitment and inflammation at the site of
injury [14,15]. However, the role of macrophages in regulating
NE infiltration has not been fully understood in intact tissues. Our
study shows that macrophage depletion notably increases NE
infiltration and inflammatory cytokine expression in tissues
(Figure 6B–I) indicating that macrophages may not only regulate
NE infiltration during wound healing process, but also control
them in intact tissues in physiological conditions. NEs induce
inflammation through secreting a wide range of inflammatory
cytokines [26]. Also, NEs infiltration itself can be considered as a
marker of inflammation [26,27]. Our study also indicates that
increased inflammation is closely associated with increased NE
infiltration in adipose tissue (Figure 6j). Therefore, we speculate
that increased tissue inflammation in the absence of macrophages
may be caused by infiltrated NEs. G-CSF is an essential hormone
to stimulate NE production and tissue infiltration [29,30,31,32].
Our data showed that tissue macrophage depletion dramatically
increased G-CSF in circulation (Figure 5A) and NE infiltration
into tissues (Figure 6B–I). Therefore, our data suggest that
macrophages may play a role in maintaining tissue immune
balance by regulating circulating G-CSF and NE infiltration.
NEs also express lysozyme M [14,15]. Therefore, it raises a
question whether DT treatment also deplete NEs in LysMCre/
iDTR mice. Our study showed that blood NEs were notably
increased 1 day after DT treatment and returned to the levels
comparable to the control group (Figure 6A). NE marker
expression was even dramatically increased in adipose tissue 6
days after DT treatment (Figure 6J). These results argue against
the notion that DT also induces NE apoptosis in LysMCre/iDTR
mice. Although more studies are required to directly verify this
notion, previous studies using the same mouse model also reported
the similar effects on NEs when even higher dosage of DT was
injected [14,15,39]. One study indicates that analysis of adherent,
differentiated primary macrophages (CD11b and F4/80 high) and
freshly isolated neutrophils (Ly6G high) showed notably reduced
lysozyme M transcript levels in neutrophils [14]. In addition, DT
also specifically ablated a CD11b high and LY6C low immune cell
population (macrophages) from thioglycollate-induced peritoneal
infiltrate in LysMCre/iDTR mice [14]. Therefore, it is likely that
compared to macrophages, NEs are less sensitive to DT-induced
apoptosis at least partially due to low lysozyme M promoter
activity in these cells [14,15,39].
Since phagocytosis is a main function of macrophages for
removal of cellular debris, it is unclear whether DT-induced
macrophage apoptosis causes the tissue inflammation and
elevation of blood pro-inflammatory cytokines. However, a study
using iDTR mouse model to delete CD-11C positive cells showed
no sign of severe inflammation and have no effect on body weight
[8]. Another study partially depleted splenic marginal zone
macrophages and ,70% of bone marrow stromal macrophages
by conditionally deleting the anti-apoptotic gene, FLICE-like
inhibitory protein in macrophages using LysMCre mice [29].
Similar to our observation, they found that although macrophages
were partially depleted and the dead macrophages could be
removed by surviving macrophages, these mice develop severe
neutrophilia with decreased body weight and increased of G-CSF
and inflammatory cytokines [29]. In addition, our in vitro study
showed that macrophage-conditioned medium directly reduced
the gene expression of G-CSF that plays an important role in NE
production and tissue infiltration (Figure 6J–K). Together, these
data lead us to hypothesize that macrophages may directly
regulate NEs activation and tissue infiltration. It may underlie
macrophage depletion-induced inflammation and alteration in
energy metabolism. However, further studies are necessary to
verify this notion and to elucidate whether NE infiltration is
secondary to apoptotic macrophages-induced inflammation.
In summary, our study suggests that macrophage plays a key
role in maintaining immune balance and energy homeostasis. In
the absence of macrophages there is an up-surge of G-CSF
followed by NE infiltration into tissues, which induces tissue
inflammation and body weight reduction due to decreased food
intake.
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